The responses of microbial community to pH and salt shock during phenols degradation under high salt conditions were revealed by two DNA fingerprint methods, i.e. ribosomal intergenic spacer analysis (RISA) and amplified functional DNA restriction analysis (AFDRA), together with 16S rDNA clone library analysis. It was shown that the phenols removal rate was improved with increasing NaCl concentration from 0 to 50 mg/L, and could remain at a high level even in the presence of 100 mg/L NaCl. The degradation efficiency remained stable under neutral conditions (pH 7.0-9.0), but decreased sharply under acidic (below pH 5.0) or more alkaline conditions (above pH 10.0). The community structure was dramatically changed during salt fluctuations, with Halomonas sp. and
INTRODUCTION
Phenolic compounds, being toxic or lethal to aquatic life and other living organisms, are ubiquitous organic pollutants present in various industrial effluents. Biological treatment has been adopted to remove these contaminants due to its low cost and high efficiency. Up to now, plenty of phenol-degrading microorganisms have been isolated and constructed for practical applications (Léonard et al. ; van Schie & Young ; Kumar et al. ) . However, the degradation efficiency is often inhibited by extreme conditions, such as high salinity, variable pH and high loading shock. Especially, the high salinity in wastewater is a common problem that obstructs the treatment process. High concentration of salt will lead to plasmolysis and loss of cell activity; thus conventional microbes cannot operate effectively (Kargi & Dincer ; Bastos et al. ) . Therefore, the bioremediation of these high-salinity effluents is generally conducted after the physical/chemical desalination processes, which are considered as expensive or inconvenient processes (Peyton et al. ) .
Extensive studies have been performed to treat hypersaline wastewaters contaminated with phenolic compounds by pure cultures. It was shown that a halotolerant fungu, Penicillium chrysogenum, could degrade 300 mg/L phenol without intermediates' accumulation (Leitão et al. ) . Also, Pseudomonas aeruginosa and Pseudomonas pseudomallei were capable of degrading phenol with high concentrations in saline solutions (Afzal et al. ) . However, the monoculture cannot adapt to the complex conditions well and maintain relatively stable function. Thus, the usage of salt-tolerant acclimated microbial community is an alternative that should be considered; the halophilic and halotolerant bacteria and yeasts have been shown to thrive and degrade phenolic compounds effectively in high salinity environments (Margesin & Schinner ; Kim et al. ) . Although many studies have been carried out, the dynamics of microbial community structure during the treatment process have rarely been investigated, which could enhance our understanding of the relationship between community structure and system functions (Bajaj et al. ; Jame et al. ) .
In recent years, culture-independent molecular technologies, such as ribosomal intergenic spacer analysis (RISA) and amplified functional DNA restriction analysis (AFDRA), have been widely used to elucidate the community diversities and the dynamics of the key metabolic genes, respectively. For example, Enwall et al. () used RISA to assess the total bacterial community treated with different fertilizers, and Qu et al. () utilized ARDRA to reveal the bromoamine acid augmented microbial community. Previously, we have reported the dynamics of microbial community structures on biodegradation of phenolic hypersaline wastewater by RISA and AFDRA (Wang et al. ) . However, the population shifts under different environmental conditions such as pH and salt shock, through which we can understand the community and function dynamics from the molecular level in depth, remain unknown.
The aim of this research was to investigate the microbial community diversities and functional genes dynamics during the phenolic hyper-saline wastewater treatment. The effects of pH and salt shock on the treatment system were well studied, and the combined culture-independent technologies, i.e. RISA and AFDRA, were used to elucidate the genetic response of the microbial community to the environment conditions.
MATERIALS AND METHODS

Medium and culture condition
The medium used in this study was basal salts medium (pH 7.0, unless otherwise stated) consisting of Na 2 HPO 4 1.3 g/L, KH 2 PO 4 2.0 g/L, (NH 4 ) 2 SO 4 0.1 g/L and FeCl 3 0.01 g/L. NaCl (50 g/L) was added to the medium unless otherwise stated. Phenol and p-cresol were added as the sole carbon source. Samples of fresh activated sludge were obtained from Chunliu River Wastewater Treatment Plant (Dalian, China), which were used as the inoculum for the sequential batch reactors (SBRs). The cultures were incubated aerobically at 30 W C.
All chemicals used were analytical-grade purity or above.
Biodegradation of phenols
The SBRs were simulated in 250-mL flasks containing 100 mL synthetic wastewater with 200 mg/L phenol and 200 mg/L p-cresol. The initial concentration of activated sludge was 2.0 g/L (mixed liquor suspended solid, MLSS). The SBRs were operated for 80 or 70 days including four cycles. The cycle time was determined with 90% of phenol removal, and then the systems were complemented by fresh medium containing an equivalent amount of phenols with different salinity or pH. The effects of salinity (10, 50, 100 and 150 g/L NaCl) and pH (5, 7, 9 and 10) on phenols degradation were investigated in the SBRs, respectively. The shaking speed of the flask was 150 rev/min, which corresponded to 2.5-3.1 mg/L of dissolved oxygen. Samples were taken at certain times for DNA fingerprint analysis (day 14, 33, 53 and 80 for the analysis of salt fluctuation; day 14, 29, 43 and 57 for the analysis of pH fluctuation).
All experiments were performed in triplicate and the average values were used for calculations.
DNA extraction
Genomic DNA was extracted from samples using the method described previously (Qu et al. , ) . The concentrations of genomic DNA were measured spectrophotometrically at 260/280 nm (JASCO V-560, JASCO, Japan), and DNA was dissolved in TE buffer to a final concentration of approximately 100 μg/mL.
Ribosomal intergenic spacer analysis
The universal primers S926f (5 0 -CTYAAAKGAATTGACGG-3 0 ) and L189r (5 0 -TACTGAGATGYTTMARTTC-3) were used in the RISA. The polymerase chain reaction (PCR) amplification of RISA was carried out in a final volume of 50 μL containing 0.5 μL of each primer, 5 μL 10 × buffer, 8 μL dNTP, 0.5 μL Ex-Taq, 33.5 μL ddH 2 O and 2 μL DNA templates. PCR was performed in a 96-well GeneAmp ® PCR System 9700 (Applied Biosystems, USA) under the following conditions: initial pre-denaturation at 94 W C for 2 min followed by 35 cycles of denaturation at 94 W C for 1 min, annealing at 48 W C for 1 min and elongation at 72 W C for 1.5 min, and final extension at 72 W C for 5 min. The amplicons were electrophoresed on 5% (w/v) polyacrylamide gels and stained with ethidium bromide. Cluster analysis of RISA was generated using UVI-Band-Map software.
16S rDNA clone libraries analysis
RISA of NaCl-33 and pH-43 were selected for constructing clone libraries using a TA Cloning Kit (TaKaRa, Dalian, China) (Qu et al. ) , which were designated as 1 # and 2 # clone library. For each library, clones were selected randomly and the 16S rDNA fragments were sequenced by TaKaRa (Dalian, China). The sequences were compared with the relative sequences in the GenBank database using the BLAST program, and then aligned by Clustal X 1.8. The aligned data were used to construct a phylogenetic tree using the neighbor-joining method by MEGA (Version 4.1) with 1,000 bootstrap replicates. Sequences obtained in this study were deposited in GenBank under accession numbers FJ362558-FJ362577.
Amplified functional DNA restriction analysis
The primers AFDRA f (5 0 -AGGCATCAAGATCACCGACTG-
were used to obtain the phenol hydroxylase genes from the treatment systems. The PCR amplification system of functional genes was the same as for RISA. The PCR process was as follows: an initial denaturation time of 2 min at 94 W C followed by an amplification for 35 cycles of denaturation (1 min at 94 W C), annealing (1 min at 50 W C) and extension steps (1 min at 72 W C). The PCR was finished with an elongation period (5 min at 72 W C).The resulting PCR products were separated by 5% (w/v) polyacrylamide gels followed by ethidium bromide staining. UVI-Band-Map was also used for the cluster analysis of AFDRA fingerprints.
Analytical method
The concentrations of the phenols were determined by highperformance liquid chromatography (HPLC) analysis using a Waters μBondapak C18 column (5 μm, 250 × 4.6 mm). The HPLC was run with a methanol/water (60/40, v/v) mobile phase at 1 mL/min and monitored at 254 nm (Wang et al. ) .
RESULTS AND DISCUSSION
Influences of salinity fluctuation on phenols degradation
It was indicated that biodegradation processes would be obviously inhibited under higher salt conditions ( These results showed that the microbial community could tolerate the salinity of lower than 50 g/L NaCl and kept relatively high removal rates. However, the activity of the microbial consortium was affected by higher concentration of NaCl, suggesting that a moderate salt-tolerant consortium was probably formed after acclimatization (Qu et al. ) . This conclusion was also reported by Tan et al. () , who showed that the activity of microorganisms would be inhibited when the salinity was higher than the optimal values. On the other hand, although the processes were inhibited, the biodegradation ratio of phenols was relatively high and the fluctuation of removal rates gradually decreased with time during the whole process, which suggested that the microbial community showed relatively high stability and adaptability.
Influences of pH fluctuation on phenols degradation
It was indicated that pH was one of the important factors for biotreatment. Therefore, the impact of pH fluctuation was also investigated. As shown in Figure 2 , when the influent pH was 7.0 and 9.0, phenols removal rates were stable at about 0.163 mg/(mg MLSS•d). However, when influent pH was 5.0 or 10.0, biodegradation processes were obviously inhibited, which suggested that the activity of the microbial community was affected under acidic or alkaline conditions. It is shown in the curve that the phenols removal rates gradually recovered with time under acid or alkali conditions, suggesting that the processes were just decelerated but not completely inhibited. Some researchers also obtained similar results and they found that there were probably some acid-tolerant and alkali-tolerant microorganisms existing in the system and these became dominant species through acclimatization (Lei & VanderGheynst ; Zhang et al. ). These microorganisms could tolerate corresponding conditions, but they might be less efficient for phenols removal than the microbial community under neutral conditions.
Microbial community dynamics of the treatment system by RISA
To further reveal the impact of salinity and pH shock on phenol removal, dynamics of the microbial community structures during those processes were investigated by RISA, which is usually used to reveal the response to outside stimuli and the function of microbial consortiums. RISA fingerprints of the activated sludge system during pH and salinity fluctuation and corresponding clusters analysis results are shown in Figure 3 . It can be observed that microbial community structures shifted with the change of salinity concentration. When NaCl concentration increased from 10 to 50 g/L, the predominant species of the consortium were significantly increased. It could be deduced that some predominant microorganisms appeared and participated in phenols removal with salinity increasing, which resulted in higher efficiency than that under the lower salt conditions. When salinity was further increased to 100 g/L NaCl, the number of predominant species decreased resulting in lower phenols removal rate. Furthermore, when salinity finally increased to 150 g/L of NaCl, the RISA fingerprint pattern (NaCl-80) did not shift obviously compared with NaCl-53. However, the contrast of the lightness of predominant bands in the same sample was different between them. The lightness of the three adjacent predominant bands, approximately 1.5-1.8 kb, were different, which suggested that the structure of the microbial community also shifted and resulted in the change of phenols removal rates. As mentioned in some related reports, the predominant members under high-salt conditions were probably salt-tolerant microorganisms (Tan et al. ) . Therefore, the predominant species in samples NaCl-53 and NaCl-80 were probably salt-tolerant microorganisms.
In contrast to the RISA fingerprints of salinity fluctuation, those of the consortiums affected by pH fluctuation were of high similarities. It could be speculated that the effects of pH fluctuation on microbial community structures were not significant (Figure 3(a) ). However, phenols removal rate was obviously affected by pH fluctuation, which suggested that pH fluctuation affected the activities of the microbial consortium but not the community structures. Cluster analysis showed that both samples were clustered together with 90% similarity (Figure 3(b) ). Similar results were also observed during the investigation on decolorization of different azo dyes by a consortium from the sea mud of a sewage-polluted beach (Tan et al. ) . It was illustrated that though the microbial community showed different color removal rates for decolorization of four dyes, the microbial community structures of the four systems were quite similar.
Construction and phylogenetic analysis of the clone libraries
In order to further analyze the difference and inner connection of representative samples, two clone libraries of NaCl-33 (1 # clone library) and pH-43 (2 # clone library) were constructed. The phylogenetic analysis results are shown in Figure 4 and Table 1 . It was suggested that more than 70% of the sequences belonged to α, β and γ subclasses of Proteobacteria, suggesting that species of Proteobacteria were commonly dominant members of activated sludge (Yu & Mohn ) . In clone library NaCl-33, two species belonging to Halomonas and Marinobacter were detected, which had been reported as salt-tolerant and able to degrade aromatic compounds (Takai et al. ; Oie et al. ) . It was suggested that some salt-tolerant microorganisms became dominant members after acclimatization to higher salinity. Generally, species belonging to Marinobacter and Alcaligenes faecalis possessed about 50 and 70% of the clones in the libraries of NaCl-33 and pH-43, respectively. They were probably efficient phenol degraders which could tolerate high-salt and alkaline conditions, respectively. Additionally, some species belonging to Shewanella and Arthrobacter were detected, showing that they were also important members for coordination in the microbial communities.
Functional gene dynamics of the treatment system by AFDRA
RISA fingerprint results showed the shifts of microbial community structures and predominant species. However, the major functional gene diversities and dynamics of the treatment systems were still unclear. To further obtain the information of functional gene shifts, AFDRA was used to investigate the dynamics of phenol hydroxylase genes ( Figure 5 ). The results showed that both the numbers and the brightness of the bands from AFDRA fingerprint patterns shifted with the different salinity, suggesting that NaCl concentration affected the distribution of functional genes. Also, bands under lower salt conditions were brighter than those with higher salinity, which suggested that the microbial community showed higher efficiency when NaCl concentration was low. These conclusions were consistent with those obtained by RISA.
On the other hand, AFDRA fingerprints of the samples affected by different pH showed relatively high similarities. It was shown that pH fluctuation did not obviously affect the distribution of functional genes. As mentioned above, the similarities between RISA fingerprints were also quite high; however, phenol removal rates with different pH were different. It could be inferred that pH would not obviously affect the structure of the microbial community or the distribution of functional genes, which suggested that acidic or alkaline conditions might affect the activity of the consortium with the ability to degrade phenols.
CONCLUSIONS
In the current paper, the treatment of phenol and p-cresol with high salinity was conducted using acclimated active sludge. The degradation system functioned well when NaCl concentration was as high as 100 mg/L, and neutral conditions (pH 7.0-9.0) were more appropriate for the phenols removal. The dynamics of the community structure was studied with the help of RISA, AFDRA and 16S rDNA clone analysis. It was shown that the consortiums changed markedly with different NaCl concentrations, and the Halomonas sp. and Marinobacter sp. played a significant role in phenols degradation with high salinity. However, the community structure affected by different pH values possessed relatively high similarities, indicating that pH fluctuations did not affect the community compositions and the distribution of functional genes. This work would provide fundamental information about community dynamics response to the environment condition changes, which should contribute to field application for treatment of high-salt wastewater containing phenols.
